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DEVELOPMENT OF AN ACIIVE OPTICS CONCEPT
USING A THIN DEFORMABLE MIRROR

By Hugh J. Robertson
The Perkin-Elmer Corporation, Norwalk, Conn.

SUMMARY

The large booster capability developed by the National Aeronautics and
Space Administration has made it possible to place large astronomical tele-
scopes in orbit where they should be able to perform considerably better than
can ground based telescopes, which are limited by atmospheric turbulence. To
take full advantage of the better seeing conditions above the atmosphere re-
quires a telescope capable of diffraction=-limited performance. The optical
surfaces in such a telescope must be maintained to very close tolerances and
this is particularly difficult with the primary mirror because of its size,

if conventional telescope construction techniques are employed.

As a new approach, differing from traditional telescope construction
methods, Perkin-Elmer introduced the concept of Active Optics which comsists
of measuring the surface shape, or figure, of a telescope primary mirror, com-
puting the necessary electronics control signals, and physically aligning the
mirror to its theoretical design figure. The merit of the Active Optical ap-
proach 1s that system performance is not limited by uncertainties in manufac-

turability and in thermal and temporal dimensional stability.

The Active Optics concept was first applied to the development of a 20-
inch mirror composed of three segments whose alignment was controlled auto-

matically to diffraction~limited tolerances.

This report describes the design, construction and test results of an
active control experiment with a 30-inch diameter thin flexible mirror whose
surface was aligned by straining the mirror with an array of actuators dis-
tributed across its back. Sixty-one points of force application were used to

provide a test of the servo response characteristics of a high order, multi-

e e e LI




loop control system with the strong interactions that would be encountered in

a very large flexible primary mirror.

The initial figure error of the 30~inch mirror, which was greater than
1/2 wavelength rms, was decreased by active alignment to less than 1/50 wave-

length rms, which betters the requirement for diffraction~limited performance.

OBJECTIVES

It has now become feasible to orbit large optical systems for astronomi-
cal research. Large~aperture telescopes with diffraction~limited performance
are desired to provide the optical resolution made possible in the absence of
atmospheric turbulence. It will be difficult to obtain and preserve the close
tolerances required for diffraction-~limited performance of the large elements
of such a telescope if these elements are constructed and mounted with the
techniques traditionally applied to ground~based telescopes. The Active
Optics approach makes use of recent developments in interferometric figure
sensing and servo-mechanical control techniques to provide a new technique

for obtaining the desired optical performance.

Segmented Active Optics

The fundamental concept of Active Optics consists of measuring the sur-
face shape (or figure) of a telescope primary mirror, computing the neces-
sary electronic control signals, and physically aligning the mirror to its
original design figure. The basic building blocks of the active system are
shown in figure 1 and include an interferometric figure sensor for detection
of errors of the mirror surface figure, actuators to provide the precise me-
chanical displacement of the mirror surface required, and electronics for con-
verting the errors observed by the figure sensor, controlling voltages, and
applying those voltages to the appropriate actuators to make error corrections,
The initial experiment performed at Perkin-Elmer to demonstrate the feasi-
bility of the concept consisted of measuring and correcting the alignment of
individual elements of a segmented mirror (refs. 1 and 2). The specific ob-
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Figure 1. Deformable Mirror Active Optics Concept



jective of the experiment was to automatically align and maintain closed~loop
control of a 20~inch, three~segment mirror to within 1/20 wavelength rms of
the design figure.

The experiment was most successful. Diffraction-limited performance was
obtained, as proven by several independent optical tests. The composite figure
of the segmented mirror assembly with closed-loop control was measured to de-~

viate from the design figure by less than 1/40 of a wavelength rms.

Deformable Active Optics

The next logical step in the development of the Active Optics Concept was

to determine the relative merits of a servo stressed flexible mirror approach.

The objective of the program, which is the subject of this report, was to
investigate, analytically and experimentally, the feasibility of 6btaining
diffraction~iimited optics for space application by actively stressing a thin
flexible mirror into the proper shape. For the purpose of this project, the

reference shape was spherical.
The program was divided into two phases.
In Phase I the specific objectives were:

(a) To analytically determine the parameters for a thin mirror

as follows:
(1) Optimum thickness-to~diameter ratio.
(2) Optimum placement and type of actuator to be used.

(3) Required figure accuracy prior to active control,'
i.e., manufacturing tolerance to achieve a final

1/20 A rms error.

(4) Effect of mirror interactions, including discontinuities
in the mirror surface, such as the boundaries imposed by

a finite radius and a hole in the center of the mirror.




(b)

(c)

(d)

(5) Predicted rms figure error during active control of the

mirror.

To design, fabricate, and evaluate an actuator of the type
determined by the above analysis, for use in the thin mirror

control system.

To design the control system in sufficient detail to show its
feasibility.

To fabricate and test a 30-inch=-diameter, thin, fused-silica
mirror. (The 30-inch diameter was chosen as apprSSEZéEE\ESr

déé in the existing vacuum tank facility.) Accuracy of figure,
thickness and f/number of the mirror were to be those determined
by the above analysis as the most appropriate for the magnitude
and scale of corrections to be made. The tests were to be of a
quantitative nature and of sufficient accuracy to allow compari-

son of the mirror before and after stressing.

In Phase II the specific objectives were:

(a)

(b)

(c)

To fabricate a suitable mounting assembly with actuators to
provide the forces and displacements required to strain the
thin mirror and produce the necessary figure corrections to

achieve the design goal figure accuracy of 1/20 A\ rms.

To design and fabricate the electronics required to generate
control signals for the individual actuators from the figure
sensor developed under NASA Contract NAS1-5198 (i.e., the seg-

mented mirror experiment).

To combine the figure sensor, electronics, actuators, and
mirror into an automatic control system, the design objective
of which was to maintain the figure error to within 1/20 X\ rms

or better. Sequencing and programming could be done manually.



(d)

(b)

(c)

To evaluate the closed-loop operation of the control system to
determine the accuracy of operation, employing the knife-edge
test, the point source test, and scans of the mirror surface

with the phase measurement interferometer.

Summary of Results

The mirror was fabricated from fused silica to the following

dimensions:
Diameter - 30 inches
Thickness - 0.50 inch

Radius of Curvature - 178 inches

A force application arrangement of 61 points located hexagonally
(figure 2) on 3.75-inch centers was selected to remove errors of
the spatial frequency expected and to test predictions for re-

sponse of a high-order interacting control system.

A theoretical approach for synthesizing a stable high-order in-
teracting control system was developed. Predicting stability
required knowledge of the mirror reaction to the multiple forces
used to maintain the desired mirror figure. A structural analy=-
sis program was used to obtain estimates of the static deflec-=
tions of a point-loaded, thin, shallow, spherical mirror. The
calculated deflections were compared to experimentally measured
deflections and the results were reported in reference 3. The
analytical program was used to determine the properties of the
30~inch=diameter mirror, from which it was possible to predict

that a stable control system could be designed.

A control system was designed and built employing parallel ana-
log control channels and using a matrix of feedforward elements
to counteract the effect of the mirror interaction and hence

improve servo response. From the analysis of the mirror inter-

action, feedforward network values were determined.

¥
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(d)

(e)

(£)

(2)

(h)

Differential spring type actuators capable of applying forces

with a range of plus or minus two pounds and producing.;aagz:

displacements of a wavelength were designed and built.

A mirror support system to minimize the external stresses.on
the mirror due to the mounting arrangement itself was designed

and constructed.

The existing phase measurement interferometer figure sensor was
modified for use with the thin mirror control system by adding
tilt and focus control and a photodiode matrix for parallel
sensing of the 61 mirror image points corresponding to the

actuator locations.

The mirror, actuators, and support system were assembled and

mounted in a vacuum tank.

The mirror was aligned, and the accuracy of alignment and the
precision and response of the control system were tested with

the following results:

(1) The final mirror figure with a near optimum mirror-to=-
figure-sensor spacing was measured to be better than A/50
rms by analysis of interferograms and profile scans, and
this performance was qualitatively confirmed by pinhole

tests.

(2) The control system response to step disturbances verified
the theoretical predictions, and the control precision was
observed to be better than 1/150 wavelength rms, from

repeatibility measurements made with the profile scan test.



SYSTEM STEADY STATE PERFORMANCE

Alignment Accuracy

Four measurement techniques were employed to obtain a quantitative, as
well as a qualitative evaluation of the accuracy and precision of the mirror
alignment during control. Information was obtained about the amplitude of de-~
parture of the controlled surface from ideal (both locally and rms), the
precision and repeatability of the control system, and the dynamic range of

the system (i.e., its ability to remove large errors).

Interferograms.-~ One of the most graphic techniques for obtaining mirror
figure accuracy is by recording the output of a test interferometer photo-
graphically. 1In this case, the test lnterferometer was already set up and
aligned as the figure sensor in the Active Optics control loop. This test
shows the local deformations of the mirror quantitatively to within the aceu-
racy of the errors introduced by the interferometer itself, which were pre=-
viously shown to be less than 1/50 A peak (ref. 4). For a spherical mirror
the interferograms are very easy to interpret. Figure 3 shows an interfero=-
gram of the mirror in a relaxed state before alignment. Each fringe indicates

a 1/2-wavelength change in figure error with respect to a perfect sphere.

Figure 4 shows an interferogram of the mirror after aligmment by the
Active Optics control system. In this case, the wavefront in one arm of the
interferometer was tipped relative to the wavefront in the other arm in order
to obtain a set of parallel straight-line fringes. The deviation of these
fringes from a straight line and from uniform spacing is proportional to the
deformation at the mirror, again, within the accuracy allowed by any errors

introduced by the interferometer.

Models of the figure error before and after alignment as measured from
the interferograms are shown in figure 5. Departure from a best~-fit sphere
is shown to the same scale in both models. Each level in the before~align~
ment model represents 1/2 wavelength at 63283 or approximately 12 microinches.
Each level fn the after-alignment model represents 1/40 wavelength or approx-
imately 5/8 microinch.



Figure 3.

Interferogram of 30-Inch Mirror Before Alignment, Supported with
Optical Axis Horizontal (Weight supported at the 58 actuation
points and at the 3 reaction suppott points)

10
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Figure 4,

T
Aeett

Interferogram of 30-Inch Mirror After Alignment with Active
Optics Control System (Wavefront tilted to obtain straight
line fringes)



(4}

Figure 5.

Before Alignment After Alignment

Contour Models of Departure of 30-Inch Mirror from a Best-Fit Sphere, Before and After
Active Alignment (Each level is equivalent to 1/2 wavelength in the before-alignment
model and 1/40 wavelength in the after-alignment model)



Figure 6 shows an interferogram of the aligned mirror at a mirror-to-
figure-sensor spacing approximately 0.160 inch larger than that used for
figure 4. The mirror curvature can be maintained at any given radius within
the range of the actuators by keying the "focus" control to the value of the
output voltage of the position-indicating potentiometer of one of the flex
actuators for that position. It is apparent that the radius selectad for
figure 6 1is closer to optimum than is the radius used in figure 4. The re-
sidual deformations measured for the two cases were 1/30 wavelength rms and

1/50 wavelength rms, respectively.

Profile scans.= The interferograms described in the previous paragraph
have the disadvantage that the control system must be turned off to record
them., This did not seriously degrade their accuracy as the mirror figure was
observed to maintain itself very well after thermal equilibrium had been
reached; however, it was desired to obtain similar quantitative information
about the mirror surface under control to determine the precision and repeat-

ability of the control system.

Figure 7 shows a set of profile scans obtained by scanning the output of
the phase measurement interferometer using the Image Dissector and applying
the output of the phase detector to an X-Y recorder. This gives a set of
curves very similar in appearance to the interference fringes observed in
figure 6. The mirror was scanned twice so that each curve consists of a double
trace. The variations between traces give an indication of the precision of
the control system. The repeatability is within 1/30 wavelength everywhere,
indicating that the precision error introduced by the control system is less

than 1/150 wavelength rms.

In figure 8 the areas between the profile scans and the zero error refer-
ence lines have been filled in to show the mirror deviation from a best-fit

sphere.

Pinhole test.~- A pinhole source 0.0001 inch in diameter was located

approximately 1/8 inch to one side of the center of curvature of the mirror
and the image formed by the mirror was observed through a microscope. The

pinhole test does not contain errors from the interferometer or control elec=-

13



Figure 6. Interferogram of 30-Inch Mirror After Alignment with Active
Optics Control System (Mirror-to-figure-sensor distance
adjusted for close to optimum mirror figure)
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Figure 7. Mirror Figure Profile Scans from Phase Detector Output
During Active Control

15



Figure 8.

Mirror Figure Profile Showing Deviations from a Best-Fit
Sphere (Shaded areas represent deviations)

16



tronics and directly tests the ability of the mirror to perform the function
for which it is designed, that is, to form an image. Therefore, the pinhole
test is a very useful and necessary, as well as graphic, cross-check on the
performance of the system. Analysis of the pinhole image can give quantita-
tive information about the rms figure error but it cannot be correlated with
specific local areas of the mirror. Figure 9 is a photograph of the image for
the mirror before alignment and after alignment in the position used to obtain
the Interferogram of figure 10. The first dark ring is 0.00025 inch in diam=-
eter in the actual pinhole image with the aligned mirror, so that the photo=-
graph is a 2000X enlargement. The uniformity and symmetry of the first dark
ring and the first bright ring outside the Airy disc are quite good and indi-
cate that the alignment accuracy is indeed close to the 1/50 A rms indicated

by an analysis of figure 6.

Foucault knife-«edge test.- The knife-edge test is a traditional test that

is useful for showing the location of mirror errors but from which it is very
difficult to obtain good quantitative information about error amplitude, espe-
cially for near=diffraction-limited systems. A sample of a knife=edge photo-
graph is shown in figure 10. The knife-edge test does not include errors
introduced by the interferometer optics, but, as previously noted, these are

small.

System Transient Response

The laboratory system was tested, both with and without crossfeed resis-
tors, to determine the measured step response of given channels as well as
the resulting interaction at adjacent channels. While only preliminary re-
sults are presently available, their agreement with theoretical predictions
is quite good. The following paragraphs present the comparisons along with

relevant discussion of the hardware and theory where thought necessary.

The laboratory equipment incorporates a minor (tachometric feedback) loop

around the lead-screw drive motor to obtain an integration characteristic; i.e.,

16.7 rad/sec

MINOR LOOP TRANSFER FUNCTION =
S volt

11



(a)

(b)

Figure 9. Image of 0.0001-Inch Pinhole Source at Mirror Center of Curvature
(a) Before and (b) after alignment (2000X Enlargement)
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Figure 10. Foucault Knife Edge Test of 30-Inch Mirror After Alignment

19



This forward loop function is derived as shown in figure 11 and is used in the
major loop analysis as presented in figure 12, which, it should be noted, is

relevant to both the coupled and decoupled cases.

In the coupled case, the feedforward gain is unity and the nature of the
response at a given mirror point, due to a step at the same or a different
point, is determined from the mirror matrix and the other transfer functions
comprising the loop(s). A stable system ensues only when all the roots of
the system'’s characteristic equation are well-behaved (have positive damping),
a condition that prevails when the locus of the actuator characteristic avoids
encircling all of the critical points. This is determinable via Nyquist plane
analysis or, equivalently, by resort to Bode analysis as is described in sub-
sequent section, '"Control Loop Design'. In the former case, the denominator

of the response expression was in the form
. )
m (x. *G
i

where %j are the critical points, all of which must be avoided by choice of G
i
if all denominator factors are to generate only well behaved roots. For Bode

analysis, the denominator would be written in the form

TT(1L + xiG)

and each Gxi would be treated in fashion analogous to the single loop approach.
Only if all such Gxi plots indicate positive gain and phase margin will all

roots be well-behaved and a stable system result.

For the present system, with its N\, range of 1 to 3224 microinches per
pound, the Bode plot would be as shown in figure 13. The phase margin, which
depends upon the actual crossover frequency (and hence the actual gain), varies
from a maximum of near 90° for ki = 1 microinch per pound to a minimum of about
25° for xi = 3224 microinches per pound. The system is thus expected to be

stable and to have response components with time constants less than

T, = 1 = 159 seconds,
0.001(2n)

20
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and resonant frequencies not in excess of approximately 0.5 Hz. As was pointed
out previously, the actual response consists of on the order of n terms, each

of which may be of significant amplitude. The exact solution for step function
response is more involved than obtaining the mirror numerical matrix eigenvalues
and therefore has not been attempted. However, figure 14 shows the nature of

the response when a step error is introduced* into channel 31, corresponding

to the center actuator. (See figure 2 for channel numbering code.) The

significant points to be noted from the figure are:

@ Measured time constants are on the order of 40 and 87
%%
seconds , values that are within the 159-second maximum

predicted value.

® Responses at all adjacent (six) actuator points are
essentially the same. This is to be expected with the

symmetrical arrangement of the actuators.

e Points farther removed (viz, the second ring and more dis-
tant actuators) show decreasing response with distance due

to decreased coupling between more remote points.

A step function introduced, on the other hand, into channel 61, corre-
sponding to an unsupported actuator array corner, displays different measured
time constants. This is shown in figure 15. The interactions at the sym-
metrically arrayed points 59 and 60 are nearly equal, being 28.6° and 22° peak
amplitude, respectively, with time constants of 72 and 75 seconds. The in-
board point 57 exhibited about one half this response due to interaction. It
should be noted that the 88° step input was nearly equal to 90°, corresponding

to an eighth wave of mirror deformation.

*Measurement technique is shown in figure 18.

*%
Time constant values given represent the time required for the error to be
completely removed based upon the slope of the curve at the point considered.
Such a computation is completely valid for a single time constant response.
In the event that several exponential components are present, the method is,
at best, only approximate but tends to improve for points on the trailing
edge of the response where the shorter time constant terms have decreased
significantly. This places the largest time constant in greatest evidence.
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The information of figure 12 also leads to the Bode curve of figure 16

for the decoupled case. 1In this configuration the crossfeed resistors (between

channels) act to hold the surrounding points fixed as the forced channel oper-
ates through its associated resistor to correct the error introduced. The
latter resistor is on the order of 20 kilohms for channel 31 corresponding to
a feedforward gain of 1/2 for this channel. The decoupled mirror compliance
as measured at points 31 and 43 is nearly 0.2\ mirror deformation per pound of
applied force, the other points being effectively fixed positionwise. The
measured step response of channel 43 is shown in figure 17 for both the coupled
and decoupled cases. It is evident from the curves that the feedforward net-
work was very effective in avoiding interaction response at adjacent actuators,
the trace of response at actuator number 34 being attributed to non-perfect
decoupling resistors. Moreover, the response of channel 31 was found to be
essentially the same as for channel 43 for step errors introduced into each.
This is as expected since all channels should display identical step responses

in the decoupled configuration.

A word of explanation is in order regarding the apparent double valued
nature of channel 43 initial response when decoupled. The dashed curve is
the measured error response rate from which the solid error response curve
was estimated, the direct measurement of error response being precluded by the
particular hardware arrangement. Figure I8 indicates the general nature of the

measurement techniques.

For the coupled case, a unity feedback condition prevails and the step
responses as measured are equivalent to the responses produced by actual mirror
step displacement errors. For the decoupled case, the unit feedback arrange-
ment was not conveniently possible since the filtering action of the shaping
amplifier was desired for the measured signal to remove phase detector noise
and, in addition, dc step inputs at subsequent points could not be readily
introduced.

A reasonable comparison between measured and predicted response is a com-
parison of time constants. This is true since the open loop gain characteris-
tic in the region of unity gain is essentially -6 dB/octave, for which a

nearly exponential response results; i.e.,

27



8¢

=10

=20

-30

=50

=60

- Zero dB lLevel with 5 p inch/1b
and Feedforward Gain of 1/2
Loop Gain
(dB)
[ Characteristic
of Existing
Hardware
Frequency (Hz)
| 2 W U B N B | } N 11 E1
0.001 f =.0023 0001 0.1 1-0
co

Figure 16, Decoupled System Major Loop Characteristic



Decoupled

Coupled

/7 43 (X1)

/\ — w— Trace 34
34 & 39, (X2)
< = No Trace 38 & 39
38(x2)
*
Response of #31 Essentially the Same
1.5 min
38 Mirror
340 ° Edge
Spatial o 43 47
Array
o48 52
L 056

Figure 17. Decoupled Response

29



Monitored
Point

Figure Sensor,
Phase  Detector

Mirror  1d Lag-Lead-lag
Feedforward Network
Op=-Amp
() “{} %’ Monitored
r\\\‘i Point
o~

Step L/’/’
Input Lag-Lead~lag or
Voltage Shaping Amplifier

g Feedforward

9 Resistor Network

Feedforward

Figure -
Sensor and Minor=-Loop Op-Amp

Phase Detect.

Mirror

Figure 18. Measurement Techniques for (a) Coupled Case and
(b) Decoupled Case




1 1
Te ™ =
c 21tfco 25(0.0023)

= 69 seconds

Moreover, the derivative of an exponential response is in itself exponential

-at
d(k[1-e"%7]) _ .  -at
ac = Kae

A measured time constant for the decoupled response of channel 31 is on the

order of 90 seconds, a value close enough to substantiate predictioms.

ANALYTICAL STUDY

The basic concept of Active Optics applied to a thin mirror is deceptively
simple. In principle, the mirror figure error is measured and the mirror is
stressed to remove the error. In practice, there were several difficult prob-
lems to be solved. There were the questions of what kinds of errors had to be
accommodated, how thick the mirror should be, whether force or displacement
correction was to be used, and how the mirror should be mounted. The key prob-
lem was finding a systematic relationship between what could be measured and
the types of figure control that were possible (subsequently referred to as
the control system). Therefore, it was necessary to spend the first several
months in ‘an analytical study to answer these questions. In the following
paragraphs, the principal sources of error and possible approaches to the

selection of a control system are discussed briefly.

Determination Of Mirror Parameters

Mirror diameter and radius of curvature. - The 30-inch diameter was deter-

mined at the start as the largest size that would conveniently fit into the
vacuum tank purchased for the previous contract (Contract NAS1-5198). The
radius of curvature was selected as approximately 180 inches to locate the
mirror, mirror support system, and actuator system near one end of the tank to

allow convenient access to the assembly. This also provided an £/3 mirror
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which required an £/6 cone of illumination from the figure sensor at the center
of curvature, and this was the maximum the existing figure sensor could pro-

vide without redesign.

Actuator spacing and placement.- The spacing of the actuators and the

amplitude of correction that they are required to make depend upon the mirror
aberrations, which are due to fabrication tolerances, gravitational environ-
ment, thermal environment, spontaneous stress release, and dynamic loading to

be removed.

It was initially predicted that the figure deformations of the 30-inch
thin mirror at the conclusion of the fabrication process employed would be less
than 1 wavelength peak overall and less than 1/10 wavelength peak over any
area with a diameter of 6 inches. The actual errors exceeded these estimates
(see subsequent section "Thin Mirror Fabrication'), but were still well within
the capability of the control system. It would certainly be desirable, how-
ever, to produce, from the standpoint of long term reliability in an orbiting
system, a figure accuracy that minimizes the number of actuators required to
remove deformations and to make the mirror diffraction limited. Initial cal-
culations indicate that, for a given actuator spacing, a local amplitude of
deformation of approximately 1/2 wavelength can be removed without leaving a
residual ripple of greater than 1/40 wavelength peak. A residual ripple of
+1/40 wavelength would introduce an rms error of approximately 1/50 wavelength.
This implies that the amplitude of a deformation with the highest spatial fre-

quency that can be corrected should be no greater than 1/2 wavelength.

The actuator spacing should be determined ideally by the highest spatial
frequency of the deformations that might be expected from all sources. A large
diffraction-limited mirror, such as the 36-inch Stratoscope mirror modeled in
figure 19, illustrates the type of residual deformations that may be expected
after figuring. The deviation from a best-fit parabola is shown in the model
in an extremely exaggerated scale, the largest difference between maxima and
minima being equivalent to less than 1/10 wavelength or 2.5 millionths of an

inch.
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Figure 19. Model of Residual Deformations in 36-Inch Diffraction-Limited
Stratoscope Mirror (rms error = 1/50 \)
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For space operation, the change from a gravity to gravity-free environ-
ment may cause significant mechanical distortion. However, after correct
alignment and operation have been established, thermal effects will probably
predominate. As was expected, thermal effects were not the limiting factors
determining correction range. The principal sources of figure error for the
laboratory experiment were those introduced during fabrication and by the
stresses introduced by the mounting structure and these may be primary sources
of error in a large spaceborne system also. However, the range of correction
that the system is capable of making indicates that it will be possible to
design a system of this sort that will be capable of performing in and adapt-

ing to the environment in which it is to operate.

The actuator placement chosen gives uniform spacing of the actuators over
the entire mirror (see figure 2). Each actuator is symmetrically surrounded
by other actuators except those near the edge discontinuity. This is not
necessarily the optimum. arrangement of actuators. For instance, when more is
known about the distribution of stresses due to the space environment, it
might be desirable to vary the actuator density as a function of radial posi-
tion or to add a few actuators near the unsupported segments of the mirror's
edge. For the present, however, the evenly distributed arrangement shown was
considered adequate to demonstrate the control system feasibility and to pro-

duce the desired final figure accuracy.

The maximum spatial frequency of the deformation that can be removed is
7.5 inches per cycle based upon an actuator spacing of 3.75 inches and the
fact that at least three points of contact are required to generate a non-plane
figure change. The 58-actuator distribution shown gives a degree of control
over static deformations with a high spatial frequency component such as the
residual deformations observed in the Stratoscope mirror (figure 19). 1In the
present case, it also demonstrates the ability of a multiple-loop control
system to operate in a stable mode with the number of actuator points to be

expected in a larger mirror system.

Mirror thickness.- Figure 20 shows the force required to obtain a local-

ized mirror deflection of 1 wavelength as a function of mirror thickness when

the actuator spacing is fixed at 3.75 inches. Also shown is the maximum stress
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that is developed by the l-wavelength displacement. Since the deflection is
a linear function of the applied force, the readings may be multiplied by an
appropriate factor to give the force required to obtain other small deflec-

tions.

It would appear from these considerations that it is desirable to mini-
mize the mirror thickness, not only to reduce the stress exerted against the
mirror but also to minimize the force requirements on the actuator. However,
a limit can be placed on the minimum thickness-to-diameter ratio that can
practically be achieved by the problems that arise in the fabrication, in the
support and measurewent of the mirror in the normal gravitational environment,
and from the stresses generated in launch. For the 30-inch diameter mirror,

a 1/2-inch thickness was selected as a compromise between amplitude of force
required for deflection, and difficulty of fabrication. For larger mirrors,
the forces required to obtain the same amplitude local deflections increase
with the linear dimension for the same diameter-to-thickness ratio and the
same number of actuators. For example, a 120-inch mirror, 2 inches thick with
15-inch actuator spacing, would require an actuator to exert approximately 8

pounds to obtain a local deflection of 1 wavelength.

Effects of discontinuities on system parameters.- Discontinuities have not

had a first-order effect on the considerations leading to the actuator spacing
or thickness determination for the 30-inch mirror. However, there is a defi-
nite effect other than making the influence coefficients more difficult to
find analytically. It can be shown that there is always a unique set of
forces that can maintain the displacements constant at all the actuator points
except at the actuator being programmed to move. Because a deformation can be
removed by removing its local components, every actuator point can be made to
fit the reference sphere if the system is stable. This does not imply, how-
ever, that the slope of the surface at each actuator point is zero or that all
the points between the actuators fit the reference sphere. By making the fig-

ure sensor average the error over the surrounding territory of each actuator,
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the average displacement over the entire mirror surface can be zeroed since
each actuator will null an error signal that is proportional to the average

displacement.

The deviation of the surface from a best-fit sphere, which occurs as a
ripple between the actuators, can therefore be made to have an average value
of zero, but its rms value will still be finite. The amplitude of the ripples
produced will be proportional to the amplitude of the local displacement re-
moved by the actuators if the spacing remains constant. The peak value of the
ripple introduced by each actuator has been measured to be approximately 1/20th
of the local displacement of each actuator in the experimental arrangement for
determining mirror interactions. If the mirror were unbounded, the ratio of
amplitudes of the ripple and the local displacement would be relatively inde-
pendent of the mirror thickness and the actuator spacing. Since the mirror
has discontinuities, the relative amplitude of the ripple will increase some-
what for actuators adjacent to a free boundary (as opposed to a clamped boun-
dary). The effect will be 'worse" (i.e., larger relative amplitude of ripple)
for the discontinuity of the outside mirror edge than for that of a center
hole. 1In either case the remedy is the same. The ripple can be reduced by
applying a restraining moment at the edge to control the slope, but a simpler
remedy is to decrease the actuator spacing near the discontinuity if the rip-
ple is objectionable. 1In the present experiment, no adjustment was made to
the actuator spacing near the discontinuity since the increase in ripple ampli-
tude was expected to be small and the spacing was considered adequate to re-
move the deformations and maintain the residual ripple below the goal of 1/20

wavelength rms.

Stability Considerations

A conventional approach in the synthesis of a control system is to select
or tailor the servo frequency characteristic, open-loop gain versus frequency,
so that the minus one point in the Nyquist plane is not encircled. The minus
one point can thus be thought of as a critical point for a single loop con-

troller. While this technique is not directly applicable in the case of
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n interacting loops, such as encountered with the deformable mirror control
system, an analogous approach is possible. The method, evolved early in the
program, involves the selection of an actuator characteristic that avoids
encirclement of n critical points whose locations are determined by the mirror
and support system under consideration. A present necessary assumption in the

approach is that all actuators in the system have the same characteristic.

An alternate approach to system stability is to decouple the n actuator
control loops so that they do not interact. Performance under such ideal con-
ditions is that which prevails with n separate control loops, and standard
synthesis techniques may be applied. The decoupling can be realized with an
electrical network which, in effect, mechanizes the inverse of the matrix
describing mirror displacements due to applied forces. These two approaches
to stability shall now be discussed to serve as a review of previous work.

The intent here is not, mathematical rigor but rather the presentation of basic
ideas that enable a better understanding of system stability and the measured

results presented elsewhere in this report.

The laboratory system features spring-type actuators designed to apply
forces to the mirror, which itself is a spring-mass system. For a single
actuator system, the arrangement is as shown in figure 21, where the actuator
force F produces acceleration of mirror mass M, overcomes any damping forces
(Dé) present, and overcomes the spring constant of the mirror. The compliance
is denoted by X so that the spring constant is the inverse of this, while mir-

ror deflection is represented by §. The equation expressing this fact
" . 1
F=MS§+DS6 + 3 )

can be rearranged to obtain the mirror transfer function

o1
Fesy  ms? 4ps + =

X

where S is the Laplacian operator (or jw in the case where only steady state

solution or performance is of interest).
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The response to a force input is, in general, seen to be a complex one

and - the transfer function re-

DX’

involving both amplitude and phase, except at very low frequencies. In this
domain, where S is much smaller than \Wﬁi

duces to

which means that deflection is related to applied force by the numerical con-
stant X, the mirror compliance (viz, inches deflection per pound of force).
The laboratory demonstration model of the deformable mirror control system is
operated at very low frequency, compared to mirror natural vibrational fre-
quencies and, therefore, is well within the two frequency constraints given
above. Hence, the deflection 5ij at point i, due to an applied force Fj at
point j, can be expressed as

5.. = X..F,

1] 11 ]

In general, the deflections at the n applied force points due to the n applied
forces are representable in matrix notation as

] [ 17 [+ ]
81 11 X2 X3 o0 - Xy Pl

1 %o Xyg o0 e Xy, F

63| T %31 Ko 0 e e e Xy Fy

nn n

g n J ni n2
or
(67 = [x] [F]

or, more simply, with matrix notation

8§ = XF
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For the special case where n = 1 the mirror transfer function is

5
F X .

and the expression relating output, §, and input, ain’ positions of a single

loop actuator controller is

§ _ _ FORWARD LOOP GAIN GX

8, ~ L+OPEN LOOP GAIN =1 +0x

Such a loop is obtained, as shown by figure 21, with the addition of a position
sensor (there shown with unity transfer function for convenience) and an actua-
tor with transfer function G. Stability prevails in such a system when the
Nyquist plot of the open-loop gain, GX, does not encircle the minus 1 point.
This criterion insures that the roots of the denominator are well behaved,

i.e., lie in the left half S plane and have positive damping. Non-well-behaved
roots, such as those indicating output for zero input and therefore instabili-

ty, are thus avoided.

Two points are now wo;th noting as an aid in following subsequent discus-
sion. First, if the denominator had been [2 + GX], well-behaved roots would
have been obtained with a GX locus which does not encircle the minus 2 point.
Second, if the denominator had consisted of two, rather than one such factor
(viz,[1 + 6X][2 + GX], two constraints for stability would have been required;
that is, well-behaved roots would have been generated (from the first term) if
GX did not encircle the minus 1 point and (from the second term) if GX did not
encircle the minus 2 point. Here there are two critical points, the minus 1
and the minus 2 points, where each corresponds to or arises from a separate

denominator factor.

If in the single loop case the actuator characteristic is of the inte-
grating type, A/S, stability should be expected since the A X/S locus does not
encircle the minus 1 point. This is depicted by figure 22 from which it is
also evident that many other candidate choices for G will provide a stable

system.
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A typical implementation for this system would be as shown in figure 23,
Here a position sensor detects displacement errors 611 at point 1 and provides
an actuator input signal for generation of corrective force Fl' For a two
actuator arrangement, bbtained by adding a second sensor and actuator (shown
with dashed lines), the situation is a bit more complex in that one must also
consider the effect of deflection 621 introduced at point 2 due to force Fl

and vice versa.

A representative block diagram for this case would be as shown in figure
24 where the total deflection §, at point 1 has components lell and F2X12 due
to forces at F1 and F2, respectively. The total deflection at point 2 is simi-

larly related via le and X22 to forces F1 and F2. As shown, the errors E1 and

E2 at points 1 and 2 are determined by the total deflections plus possibly some
disturbances (or forcing functions) represented by D1 and D2. The figure sen-
sor will be assumed to have a transfer function sign of minus to obtain nega-
tive feedback, and an amplitude of unity so that the actuator characteristic
can be expressed as G. It should be noted again that G is a function of S (or

jw), while the mirror matrix factors, Xij’ are simply real numbers.

Now let this two actuator system, rather than the actual N array, be con-
sidered in order to derive a stability criterion or synthesis constraint analo-

gous to non-encirclement of the minus 1 Nyquist point.
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The equations characterizing the system are

F

: 1
X9Fp + XFy + Dy = Ep = - G,
F)

X),F + X F, + D) = E, = - o

A standard method of solution is to arrange and group terms containing'Fi as

indicated below
[ + 27 F, + X,_F, = -D
X1 Gl_ll 12F2 = 70

- 1
Xy1Fp ,.Xzz + GZ] F, = -D,

and express the solution for F. as the ratio of determinants: viz,

By
det 1
Dy (Xzz * G—?_)
N [ g
11t 12
“ln (e b)
-
The denominator is the determinant formed from the coefficients of F1 and F2,
while the numerator determinant is identical except that the*foefficients of Fi

are replaced by the forcing functions minus D1 and minus D2.

*
This solution is obtained, using matrix analysis, as foliows

[xX)(F) [ D]
- [F] = [x" 10y
- 1
9 (xzz * G_) BRT (Xu * EI) %12
where [x 7] = 2 1 ~<-det 1
"% (Xu * '6;) %0 (%op 'c—2>

and stability 1s usually indicated by the roots of the characteristic equatlon
formed by setting the denominator determinant equal to zero.
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The resulting form for the solution of Fi is thus seen to consist of a

numerator function P involving the disturbances, some of the coefficients

xij’ and the actuator characteristic; i.e.,

P. (Dl, D,, xij xﬁ, G2)

B + )+ 1)+ (artea X1%1)

More importantly, the denominator is seen to be a polynominal in G, or more

F, =
1

precisely 1/G, and the numerical factors of the mirror compliance matrix.
Here, all the actuators have been assumed to have equal transfer functions
in order to obtain the indicated form of the denominator. For simplicity, now

assume that X11 = X22 = 1, in which case

F. = P
L ) o/ 2 1 (1
@ - (E) 2+ (1~ (%))
or equivalently

F P
i 1 1 \
(E 1+ VX12X21> (E + 1= X%

where the denominator has been factored.

In the special case where the actuators are of the integrating type
1 ,
(G = §), the denominator roots are clearly well behaved, having negative real

parts and therefore positive damping, as long asVXIZX21 < 1. More specifical-
ly, the roots are

5= -1 - X%, -1 HELK,

Hence, it can be concluded that a two loop system utilizing actuators of char-

acteristic 1/S will be stable as long as‘lxlzle < 1. This is all very well
and good, but a more important question to answer is what other characteristics

also lead to a stable situation. The answer to this becomes more evident if .
both the numerator and denominator of the previous equation for Fi are multi-

plied by 62 (or G" in the more general case) to obtain
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PG2
F _

i~ [1 + (1 +f XIZXZI)G] [1 + (} -J x12x21) G]

and then, similarly, both divided by the product of the G coefficients,

[1+ X% (1 - Vxp%] & C

to yield

pelct

F, = — : —
i L L + G] I 1 + Gw

. 1
Here the roots are well-behaved if G does not encircle the minus 1+t X12X21

and minus L critical points. Non-encirclement of the first point is

liZX X
12721

required to avoid unstable roots from the first denominator term. A similar

constraint, represented by the second point, insures stable roots from the
second denominator factor. In the general case, where the number of loops is
n, there are n denominator factors and therefore n constraints, or critical

points that must not be Nyquist encircled when choosing an appropriate G.

The whole point of the above discussion is that the mirror (and structure)
numerical compliance matrix terms alone determine the critical points to be
avoided when synthesizing the actuator characteristic. Figure 25 represents
the two-loop actuator example and shows that the critical points depart from
the minus 1 point as interaction between channels is increased. With a mod-

erate amount of coupling (X <1) the points are located as shown and G = 1/S

12%21
will not encircle either. This is not unexpected in light of the previous dis-
cussion. However, other suitable choices for G are possible including an in-
tegrating type actuator with a lag-lead-lag network in cascade. The laboratory
demonstration deformable mirror hardware, it should be noted, has such a G
characteristic. This characteristic is also shown in figure 26, a more general
diagram applicable to the n actuator case. For such a system the overall ef-
fect of interaction or mirror crosstalk can be considered as a breakup of the
minus 1 point into an array of critical points. This is indicated in the

figure by arrows from the minus 1 point to the critical points shown in the
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left half plane. This location is not entirely unexpected since the mirror

with supporting structure is passive and stable by itself.

The eigenvalues of the present mirror were found to all lie along the
positive real axis and so are represented by the critical points shown by the
dots, rather than the circles, in the figure. Hence, possible choices for G
include amplification with single lag, integration, and the implemented inte-
gration plus lag-lead-lag network. The foregoing approach was utilized to pre-
dict that the laboratory model control system would be stable without the
decoupling (or crossfeed or feedforward) network. It is worth noting that the
critical points are the negative inverse of the eigenvalues of the mirror
force-to-displacement matrix, whose terms are real numbers in the low fre-

quency range of control.

An important aspect to the stability discussion above is that the system
is an interacting one. Hence, a forcing function such as a step error intro-
duced into the system can produce a response either at this or another point.
The prediction of expected responses, it should be noted, thus involves the
solution of essentially an nth order determinant, some of whose terms are
functions of frequency. The associated amount of effort involved in deing
this is significantly greater than determining critical points from the numeri-

cal mirror wmatrix, X.

An alternate approach to stability involves the use of a decoupling net-
work, which in effect implements X-l, the inverse of the mirror matrix X. The
attractive features of this approach include non-interaction of channels, simi-
lar responses of all channels if desired, and potentially improved stability.
Since X is not frequency-sensitive, neither is X-1 and its mechanization need
involve only resistors (thus avoiding the complication and expense of reactive
elements as well). The inverse network can be thought of as a circuit,as shown
in figure 27, which for a given €A generates an array of actuator input
driving signals. The particular array generated, moreover, is that which will
cause a force array that changes the mirror displacement at point i only. This
will be the case if the actuators have equal reaction times (or G characteris-
tics) so that corrective forces are applied in proper relative phase or at the

same relative rates, so to speak. Hence, it is concluded that if all Gi
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characteristics are equal, mirror displacement errors at any point will be
corrected without effects at other points. However, many actuators will be

simultaneously driven to accomplish this end.

An error at €;p OO the other hand, will drive only one actuator and pro-
-1
duce an array of errors that act through the network X = to produce a correc-

tive reaction Ri only at point iB. This occurs whether or not equal Gi

B
characteristics exist since the mirror matrix and its inverse are effectively
in cascade, and therefore are equivalent to n straight-through (non-

interacting) connections.

The stability of the system can be investigated by considering reactions
to either CiA or CiB inputs, i.e., in the first case (and using matrix nota-
tion),

R, = xcx'l(c - R,) R, = [1 + xcx'lj-l -1
= A" Rp)s Or R, = XGX C

A A

while in the second case

R, = -x!

-1
-1 -1
B XG(CB+ RB), or RB = -[} + X XG] X XGCB

Each of these expressions involves an inverse matrix having a matrix numerator,
determined in standard fashion, plus a determinant in the, denominator from
which the system stability (roots) is determined. Since the stability of the
system should not depend upon where disturbances are introduced, it can be

expected that identical roots will evolve from the two denominator determinants,
det 1 + X-IXG] in the first case and
det [1 + XGX—I] in the second case.

This can be readily shown since the following relationships hold.

x5t -xlx=1
-1

det xx ! = det X IX = det 1

det X [A]X-l = det X det A det X-1 = det x'l det A det X = det A
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Hence

det [1 + X_IXG] = det [1 + G] = det [xflx + G]

det X1 [1 + xcx'lj X

det Xfl

det [1 + xcx’lj det X

det 1 + XCX 1]
In both cases, then, the denominator determinant is equal to
det [1 + X-IXG] = det [1 + G]

which is expressible as

iys

. (1 + Gi)

1

if the G matrix is a diagonal one. Hence, stability will prevail even with
different actuator characteristics as long as all the characteristics chosen

do not encircle the minus Nyquist point.

The synthesis procedure reduces then to that involved with n separate

servo loops.

Control System Design Considerations

The control system study indicated that it was feasible to control the
deformation of a solid thin mirror. After consideration of several approaches,
it was decided to proceed with a diagonalized multi-dimensional control system.
A diagonalized multi-dimensional control system is one that achieves indepen-
dent displacement at each actuator despite elastic interaction that takes place
within the mirror. This ideal system is achieved by introducing between the
channels crossfeeds or interconnections that negate the mirror interactions.
Thus, the ideal diagonalized control system has no net interactions betwesen

channels.
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Provision was also made for controlling the system without crossfeeds
so that the response of the system could be observed with and without the

decoupling provided by the diagonalization.

Complete diagonalization was not attempted, so that the number of cross-
feeds could be limited to a manageable number. The extent of decoupiing re-
quired for stability was not known; therefore, the number of crossfeeds chosen
was somewhat arbitrary for the first experiment. The determination of the

crossfeed values is discussed in a subsequent section.

The ideally diagonalized system will always be stable if the independent
channels are stable and will track displacement errors until they converge to
zero or are neéligible. Component variations, tolerances, and ignorance of
the mirror's influence coefficients will cause a physically realizable system
to have residual interactions, however. These residual interactions decrease

the channel independence and become a source of potential instability.

An analysis of the departure of the system parameters from the ideal di-
agonalized system establishes a limit to the maximum allowable percent varia-
tion in the compensating network resistor values. The analysis also shows
that, subject to the equal gain blocks in each channel, classical single-loop
feedback analysis and synthesis methods may be applied in designing the system

to obtain a desired transient performance.

Force and displacement concepts in the selection of a thin mirroxr flex

actuator.- The basic control system configuration is as shown in figure 28.
The mirror is a 30-inch diameter, 1/2-inch thick, fused-silica, spherical, F/3

reflector. It is controlled by n actuators where n has been selected as 58,

The thin mirror flex actuator can be idealized in general by defining
force and displacement actuators in terms of their relative spring constants.
The actuator motor can produce either a force or a displacement. The force or
displacement can be considered to be working in parallel with a spring and
mass in the mobility analogy (force = current), or in series with a spring and
mass in the classical analogy (force = voltage). If the spring's constant is

much greater than the other spring constants of the system, the actuator is
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considered to be a 'displacement'" actuator. A piezoeletric element can be
used to provide essentially displacement actuation. If the spring constant

is much lower than the other spring comstants of the system, the actuator is
considered to be a "force' actuator. An example of this type of actuator is a
motor-controlled lead screw, which drives a very soft spring. The properties
of three actuator types characterized by three different relative spring con-

stants are developed below:

High spring constant (displacement actuator, see figure 29a): 1In this
case a displacement-producing device is approximated by setting the spring
constant high with respect to the other spring constants of the system. In
this configuration, the displacement step sizes are very nearly equal in size
to those displacements that are produced in the mirror, and a displacement pro-
duced at one point has relatively little effect on the displacement of other
actuator points. The forces applied to the mirror at each actuator point,
however, are definitely dependent upon the other actuator displacements. This
means that the interaction due to mechanical coupling through the mirror is
automatically accommodated so that a local displacement can be obtained at any
point by programming a single actuator at that point. It is assumed that the
backing plate is very rigid in this case and that a component representing the

backing plate rigidity is included in the actuator spring constant.

The highest spring constant in the 0.5-inch-thick mirror is that constant
associated with a displacement of a single actuator with all of the other
actuators held fixed. The displacement-force relationship for this case is
approximately 10 microinches displacement with a 1 pound force for 3.75-inch
actuator spacing. This gives a spring constant of 100,000 pounds per inch.

If an effective actuator spring constant of at least 10 times this value is
desired to approximate a displacement actuator, the actuator and backing plate
together must present a spring constant of 106 pounds per inch. This requires
a backing plate with the rigidity of a 2-inch thick steel plate and actuators
with the rigidity of a l-inch-long by 0.5-inch-diameter glass rod.
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As the size of the mirror increases, the effective thickness of the
backing plate will scale approximately proportionally if the number of actua-
tion points remains the same. This would reduce the weight-saving advantage
to be obtained with an active optical system utilizing a thin deformable

mirror.

Spring constant equal to the approximate magnitude of the other spring
constants of the system (see figure 29b): 1In this case, the displacement step
size is larger than the displacements created in the mirror. Both the step
size and the applied forces depend strongly upon all the actuators. In gener-
al, neither the displacement nor the force applied is a unique function of the
drive applied to a varticular actuator. One particular configuration, however,
does provide the independent displacement characteristic observed in the first
case. This configuration uses a very stiff actuator and a backing plate that
has the same relative displacement characteristics as the mirror. That is,
the shape of the displacement at any point is the same as the corresponding
point on the mirror for a given force configuration. The only practical way
to obtain this same displacement characteristic is to use a backing plate that
is identical to the mirror. (An infinitely rigid backing plate that has the
"same' shape but zero amplitude also satisfies this requirement but has al-
ready been considered in the first case.) The advantage this system presents
is again the automatic localization of the actuator effect (if the actuators
themselves are very rigid), as in the first case, without a highly rigid and,

consequently, massive backing plate.

The backing plate should be of the same material and geometry as the mir-
ror. The mounting arrangement would be restricted and probably complex in
order to maintain the symmetry between mirror and backing plate. The actua-

tors must have the same characteristics required for the first case above.

Low spring constant force actuator (see figure 29c): 1In this case, a
force actuator is approximated by setting the actuator spring constant very low
with respect to the other spring constants of the system. In this configuration
the size of the actuator displacement step is much larget than the corrections

applied to the mirror. The force applied at a given actuator is dependent upon
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the control of that actuator and is relatively independent of the forces
exerted by the other actuators. The displacement produced, however, is de-
pendent upon the effects of all the actuators. The displacements of the mir-
ror surface are essentially independent of changes in the shape of the backing

plate.

Consider, for example, the 30-inch diameter, 0.5~-inch-thick mirror having
actuators on 3.75-inch centers applied to the mirror through springs that have
a rate of 4 pounds per inch. A displacement of the backing plate of 1 x 10-3
inch can give a maximum mirror displacement of 1/100 wavelength for this con-
figuration. This does not represent a very stringent tolerance for the dimen-
sional stability of the backing plate and, consequently, it can be a relatively

flexible structure.

The basic advantage of the force actuation approach is that there is no
requirement for a relatively massive backing plate and there is no necessity
for correction of changes in mirror figure due to the displacements of the
backing plate. In the force actuation system, the precision mirror is the nat-
ural restraining spring that converts force into displacement; therefore, it
appeared worthwhile to develop the force actuator method experimentally since

it preserves the weight-saving advantage of the Active Optical approach.

This discussion has been in terms of a mirror plus a backing or reaction
plate. 1In a trestle-arrangement support structure (figure 30), there is no
backing plate, and interacticn takes place between actuator groups. Actuators
can work in overlapping groups to reduce coupling, and the groups of actuators
react through the mirror itself. This arrangement was not used for this experi-
ment since it does not allow flexibility in making comparative tests with

varying actuator numbers and spacings.

Consideration of the actuator type to be employed led to the choice be-
tween force or displacement type output. Very high stiffness actuators have
been shown to imply heavy supports., This latter requirement is perhaps un-
realistic in a space application where conservation of payload is important.

Therefore, a force type actuator was used in this experiment. The major
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disadvantage of the force output actuator is that displacement interaction
within the mirror introduces the possibility of instability in the control
system. One of the primary functions of the control system then was to
negate the mirror interaction by deliberately introducing interactions in a

suitable compensation network.

Control system selection.- The basic control problem was to accurately

sense a mirror's figure and to provide a means to deform its shape so as to

insure an rms figure error of less than 1/20th of a wavelength.

The main difficulty in achieving this objective was considered to be the
mirror's internal displacement interaction. Several possible approaches to
obtaining the objective, in spite of the difficulty of mirror internal inter-

action are:
(a) N independent, continuously-tracking feedback loops
(b) A sampling adaptive system
(c) Optimal control based on minimization of mean square error
(d) Self-organizing control
(e) Modal excitation

It was decided that the first approach was the most straightforward and
offered the least complex implementation; therefore, the project design effort
was directed toward the first approach. This does not, however, preclude the

future consideration . .of other approaches.

The basic control system data processing approach was selected after

evaluating three competitive techniques:

(a) Analog data processing - In the analog approach, the feed-
forward resistors, determined from the inverted influence
coefficient or stiffness coefficient matrix of the mirror,

decouple the parallel channels.
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(b) Digital data processing - In the digital approach, the
stiffness coefficient matrix is stored in the data-processor
memory. The analog error signals in each channel are con-
verted to digital signals, and multiplication with the appro-
priate stiffness coefficients is accomplished by small general
purpose digital computer that is appropriately programmed.

The products are summed and distributed to the appropriate
actuator channels where they are converted to analog signals
again. This data handling is accomplished by the digital

computer.

(¢) Hybrid digital and analog data processing. This system
stores the stiffness coefficient matrix in a digital memory
storage unit that is used to control an analog signal multi-
plier. The multiplier is a binary code ladder that is pro-

grammed through switches controlled by the memory.

Various combinations of parallel and sequential operation were considered
as subclassifications of these methods of processing. The analog data pro-

cessing method was selected for implementation in this experiment.

Control system implementation.- The control system concept is based upon

a matrix of 61 points or nodes of force application arrayed on the mirror. For
the decoupled system, a figure error measured at a particular node is used to
generate a constellation of forces that are applied to the back of the mirror
in the vicinity of that node. 1In principle, the constellation of forces is
computed so that it generates only a local deformation in a small area centered
on that particular node, while all other portions of the mirror are unaffected.
Any random figure error profile is then considered to be the sum of many small
area errors where the small area size is determined by the actuator spacing.
This approach effectively decouples the control channels for each node by the
use of crossfeeds in the forward loops, or "feedforwards", that counteract the

interactions in the mirror.
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The diagram of figure 31 illustrates the general control concept. Inter-
actions between the tilt and focus control loops and the flex control loops
are decoupled by keeping the response time of the flex control loops much
longer than that of the tilt and focus control loops, i.e., on the order of
five to ten times slower. (The flex control loops are those that control the
58 actuators that apply forces to strain or flex the mirror and are sometimes

referred to as flex actuators.)

Error signals for control of the flex actuators are developed from infor-
mation at the output of a diode array. Fifty-eight channels of signal ampli-
fication, filtering, hard limiting, and phase detection are used in the figure
error detector for parallel operation. Fifty-eight servo amplifiers are used

for simultaneous operation of all channels.

Feedforwards, consisting of resistive components between channels, provide
an analog multiplication and summing of the error signals. If decoupling were
necessary between every pair of channels and no symmetry were present, approx-
imately 3600 resistors would be required. However, a maximum of 19 resistors
for each node, or a total of less than a thousand resistors for the full ma-
trix were estimated to be sufficient to insure stability. (See section

"Determination of Feedforward Network'.)

Control system functions.- The control system functional diagram is shown

in figure 32. The 61 control channels are almost identical with some small
differences in frequency response, cross coupling, and switching functions be-
tween the flex channels and the tilt and focus channels. Each channel takes
its signal from a "Fotofet' detector at the output of the phase measurement
interferometer. Each signal is compared with a reference signal to obtain
phase information. (The phase error is proportional to mirror figure error -
see refs. 1 and 2.) The dc voltage at the output of the phase detectors, pro-
portional to the phase difference observed between signal and reference, is
applied in appropriate amplitude to the servo amplifiers through the feedfor-
ward matrix of resistors. These resistors distribute the signal in the pro-
portion determined by the analysis of the mirror interaction as appropriate to

obtain decoupled loop operation.
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For initial alignment, a switéhing arrangement is- provided that allows the
input to each channel to be taken from a movabie pre-programmed position on
the image dissector face plate instead of from the Fotofet detectors. This
allows each channel to be aligned by sweeping the movable spot from a nearby
aligned channel to the channel being aligned and then switching the input to
the signal from the individual Fotofet detector. This step is necessary be-
cause of the possibility of integral fringe displacements existing initially

between actuator locations.

Control loop design.- The design of an individual control channel suffices

for all control channels since they are assumed to be identical. The system
design approach was to designoa single loop in the classical way for the range
of eigenvalues, assuming that only direct feedforwards with no crossfeeds would
be used, i.e., the feedforward matrix was taken to be equal to the identity

matrix.

It 'was determined from the stability study that the system would be abso-
lutely stable even without a compensating feedforward matrix for simple inte-
grator loops and second-order loops. However, the spread of eigenvalues as
obtained from the computer analysis of the mirror's influence coefficient ma-
trix led to a set of widely dispersed transient response modes. Even without
calculating the amplitudes of these transient modes, the design could be
carried out in terms of the closed-loop damping ratio and the natural fre-
quency for each channel and its associated loop. Having established an accept-
able design which accommodated the uncompensated or natural spread in transient
response modes, the use of a compensating feedforward matrix then served to
reduce this natural spread. Ideglly, if an exact inverse resistance matrix is
employed, then all modes degenerate to a single mode with a well-established
transient performance. In the actual case, because of tolerances, the ideal is
not achieved but, after appropriate adjustment to insure that the effect of the
tolerances does not result in instability, the transient performance is improved
over the uncompensated case for which the system was originally designed. The
adjustment consisted of decreasing the resistance values of the diagonal ele-

ments of the feedforward matrix approximately 107 to increase the driving point
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gains., This increases control channel interaction somewhat but protects

against the possibility of positive feedback due to a worst case pile up of

tolerances,

A typical single-loop design procedure (uncompensated case): Consider the

block diagram for a typical channel and its associated feedback loop as shown

in figure 33.

determine the values of the parameters

the time constant T,

which together wi

Ky

th

The known quantities are listed in table I.

K, establishes

A

It is required to
, which establish the loop gain, and

the loop dynamics.

The value of the motor transfer constant KN is not required since it cancels

out in the loop gain expression as a result of the use of tachometric feedback.

-

TABLE I

CONTROL SYSTEM PARAMETERS

Device Pafameter Units Value
Phase Detector Sensitivity, K¢ Volts/rad 16/x
Chopper Gain, KC V, rms/volt, DC 0.896
Tachometer Sensitivity, K, V, rms/rad/sec 2.42 x 1073
Gear Train Gear ratio, n --- 93
Lead Screw Pitch factor KP in/rad 3.98 x 10-3
Soft Spring Stiffness, k 1b/in 4.0
Mirror Influence coefficient pin/lb 87 (center) -

at point i, Oy 576 (edge)

Figure Sensor Sensitivity, Kpg rad/pin 4r/24.91 @
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The loop gain expression, using the data of table I, is:

14.167KA

K(S) =
o, =87 S(1L + S7)
11

The poles of the closed-loop transfer function are found from the relation
that

QU
I 2]

L
A
ii i

for each eigenvalue A;- From NASA's and Perkin-Elmer's joint efforts, it was

found that
Amax = 3224 -2
1b
amin = 1 “——1; =2

The roots of the characteristic equation are the zeros of
K(S
1+ X8, o
Q. . i
11l

which are also the zeros of

. C . .
using K(S) = S(L + 571 ° Thus, the damping ratio and natural frequency for

the i-th channel are:

~
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N =

>

fn,

H
.
i
(@]
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Numerically, using the center influence coefficient as a reference value, we

find

S gy -
i T 2 \0.1628% KA 7
L 0.16284 K\,
T 2x T

Consider the extremum value of § and fn from the extremum value of Ki'
A bar placed over the quantity denotes a maximum and a bar placed under the

quantity denotes a minimum so that:

—g- —_ l __.1___— (-] 1
2 \524.99 K,T 50 [X,T

1 f524.99 K.A . ’Eé
n 2% T T
1
T

Q

™|
0

— 1 1
= -1 V: o
2 \o.Tez84 K 7 0.8 [Kr
0.16284 X K
£n l—l/—-————A ~ 0.064y =2
— 27 T

Thus ¢ /E_ = fn/fn_ = 62.5

At this point it is necessary to invoke the use of an appropriately large
time constant in order to reduce the phase detector output ripple due to the
presence of the carrier to an acceptable minimum. From experimental investi-

gation it appears that 4 must be 1.0 second or greater so that

0.02 - 1.25
E = T%

V&, VR
0.064 K,

~
1]

2|
1]
il
3
=i
il
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Since it is highly undesirable to have a damping ratio less than 0.1, choose

K, = 0.0004 so that

A
_g__: 0.1 ] . E_.= 6.25
fn = 0.8 Hz fn = 0.015 Hz

Thus, the most underdamped loop will ring at a period of 1.25 seconds for
several cycles when subjected to a step command, and will take 5 to 10 seconds
to stabilize. The most sluggish loop will take several minutes to stabilize

but with no overshoot.

With the loop compensated properly by use of the feedforward matrix to
obtain a local deformation at each point, the eigenvalues are identical. If
these are assumed to be 12.5pin/lb then the identical characteristic equation
for each loop will be

(14.167)(12.5) Ka

Lt e
or
32 + s L + 2 EA =0
T T
For a gain K, = 0,04 and time constant T = 1 second

A

s2 +s + 0.08 =20

This establishes the damping ratio and natural frequency of the compensated

system as:

£ =1.77 fn = 0.045 Hz

Determination of Feedforward Network

The decoupled control loop approach, employing a matrix of feedforward
resistors, required an evaluation of the multipoint interaction of the mir-

ror to determine the number of matrix elements required and their values.

7
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A finite element computer program was utilized by J.F. Creedon at the -
NASA Langley Research Center to provide data on the static mirror behavior in
response to actuator loads. A 12-inch-diameter, 0.125-inch-thick, £/2.5
spherical plate glass mirror was studied experimentally to establish the
ability of the computer program to describe the mirror behavior. The calcu-
lated displacements obtained from the analysis of a mirror of the same dimen-
sions as the test mirror were compafed to the experimental displacements, and
it was concluded that the results were sufficiently compatible to warrant pre-
dicting the behavior of the 30-inch-diameter mirror with the computer program.
A detailed description of the above analysis and experimental investigation is

found in reference 3.

The results of the analysis were used to obtain actuator force configura-
tions that would provide local displacements of the mirror at any one of the
actuator control points. The analytically derived force configurations gave
the forces to be applied to every one of the 58 actuwation points for each local
displacement desired. However, the forces were observed to diminish rapidly
with distance for actuator locations removed fr.m the driving point (i.e., the
point where local displacement is desired). A close approximation to the ef-
fects of the full set of forces could be made by a limited number of forces
close to the driving point. 1In fact, it was estimated that a 19—point* con-
figuration was the maximum useful array around each driving point since the
forces outside this array were smaller than the uncertainty in the calculated
values. Nineteen-point force configurations were then obtained by disregarding
points outside the first two adjacent rings of actuators around each driving
point and adjusting the remaining values so that they met three requirements:
first, that the sum of the forces around each driving point equal zero; second,
that the sum of the moments of the forces around each driving point equal zero;
and third, that the 58 sets of force configurations fit rows and columns of a

58-by-58 matrix [F] such that F, = F, ..
ij ji

*
Nineteen points were used for interior actuator locations.
Locations near the mirror edge required fewer points.
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Two of- the resultant sets of force configurations are shown in figures 34
and 35.for ‘an interior point and an edge point, respectively. The numbers
shown indicate the relative force applied at each point. The absolute values

were determined from analysis of the loop gain desired.

Figufe 36 shows the total matrix of feedforwards and gives the actual re-

sistor values used in the experiment.

SYSTEM HARDWARE

Thin Mirror Fabrication

The first step in the fabrication procedure was to process a 30-inch diam-
eter, 4-inch thick, fused silica mirror blank, which had been selected for low
uniform strain relief, to obtain a high quality spherical surface on one side.
Since the techniques for producing a spherical mirror surface on a thick blank
are well established, this operation did not involve any new procedure. The
next step was to reduce the thickness of the mirror to 1/2 inch by removing
material from the back. The amount of warping due to released stress in the
material was expected to be small since the material was relatively strain
free. The procedure for removing material was: first, to cut off a slab 2
inches thick and then to remove the remainder by grinding. The 2-inch slab
was cut by a moving wire that :arried a grinding slurry. Most of the remaining
material to be removed was taken off on a surface generator, but the final
operation to remove the last millimeter of material utilized a polishing tool
as shown in figure 37. Successively finer grits of grinding compound were used

to remove any local strains introduced in the coarse grinding process.

The mirror was first tested after the spherical front surface had been
generated but before the thickness was reduced. An interferogram of the mir-
ror surface at this stage is shown in figure 38. Evaluation of the interfero-

gram yielded the contour map shown in figure 39.

3



PL

avaYa
FSRR
SaYavay,

YavaV

Figure 34. Nineteen-Point Force Configuration to Obtain Local Displacement at Interior
Actuator Locations (Numbers indicate relative forces)



Mirror Edge

' Driving Point
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Feedforward Matrix of Resistors for Counteracting

Mechanical Interactions of Thin Mirror

Figure 36.
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Figure 39, Contour Map of 30-Inch Deformable Mirror Before
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The largest peak deviations of the mirror from a best fit sphere are
observed to be +0.06 wavelength and -0.04 wavelength. The mirror therefore
was within the tolerancés of 1/10 wavelength peak-to-peak that had been de-
sired at this stage. This does not include approximately 1/2 inch of edge
around the mirror, which was observed to be somewhat rolled off. This rolling
off might have been further reduced in order to bring this 1/2-inch zone with-
in the desired tolerances but little overall improvement in performance of the

actively controlled system could be expected for the effort involved.

The test of the 1/2-inch-thick mirror to obtain its figure in an un-
stressed condition involved considerably more delicacy in the supporting ar-
rangement than did the test of the thick mirror. The rigidity of the mirror
is a function of the thickness cubed so that the amplitude of deflection due
to a local non-distributed force is on the order of 83 times as great for the
1/2-inch thick mirror compared to the deflection produced by the same force on
the 4-inch thick mirror. A noncompensated local force of less than an ounce

can produce a bending of the 1/2-inch mirror of a wavelength.

The method used to support the mirror during test was an air support
technique recently developed at Perkin-Elmer for use with large optical ele-
ments and provided a uniform pressure distribution much as the air bag tech-

nique does but with fewer problems of pressure control.

The evaluation was performed using a scatterplate interferometer at the
center of curvature. The mirror was mounted in a vacuum tank that was evac-
uated to 2 to 3 inches of mercury absolute pressure, with the optical axis
vertical. The interferometer was mounted at the top of the tank just above
a vacuum window and, therefore, at atmospheric pressure for convenience of

operation.

Measurements of the surface topography of the mirror were performed for
several orientations of the mirror relative to the support system. This was
done to indicate how much of any observed distortion was caused by the mirror

itself and how much was caused by any small nonuniformities in support pressure.
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Some variations of figure were observed in the different support posi-
tions, introducing an astigmatism on the order of 1/2 wavelength in addition

to the distortions that were observed to rotate with the mirror.

The mirror was finally tested while mounted with its axis horizontal on
the weight and reaction support system with which it was actually used. In-
terferograms were obtained with the phése measurement interferometer. The
figure observed in this condition was very close to the average of those
measured on the pneumatic support, within the plus or minus 1/2 wavelength

variation descrited in the preceding paragraph.

The interferogram and contour map in figures 40 and 41 show the surface
figure of the mirror while supported on the weight and reaction support system
used in the closed-loop experiment. There are approximately 2 wavelengths
of astigmatism plus a kidney-shaped plateau of approximately 1 wavelength am-
plitude. Although this was more than twice the amplitude initially desired, it
was still expected to be within the range of amplitude that could be removed
with the designed actuator spacing to obtain a final alignment with less than

1/20 wavelength rms error.

Main Structural Plate

The main plate consists of a 3/4-inch-thick piece of cast aluminum tooling
plate with appropriate cutouts to mount actuators, the reaction support system,
and the weight support system. Figure 42 shows the backing plate. Since force
actuators are to be used, it is not required that the backing plate be ex-
tremely rigid, so that the material removed to allow mounting of the actuators
and support hardware does not affect the performance of the system. Four
safety support arms are mounted- on the backing plate as shown in figure 43.
These support arms have several important functions: 1) they hold the mirror
in position until the spring supports have been attached; 2) they provide
support for the mirror while the assembly is being moved so that vibrations will
not put an excessive strain on the three locating rods; and 3) they serve as
safety snubbers for the mirror in the unlikely event that the support system

should fail to hold the mirror. The mirror is mounted on these support arms,
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Figure 40. Interferogram of Thin Mirror Before Active Correction
(Compare with figure 38)
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Figure 41. Contour Map of Mirror Surface Showing Deviation in
Wavelengths from a Best-Fit Sphere
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Figure 42, Typical Main Structural Plate
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resting on nylon-tipped screws. The three locating rods that provide a kine-
matic mount for the mirror are attached between the mirror and the backing
plate. The spring support brackets are attached to the backing plate, and
the wires from the springs are looped over Invar plugs into retaining grooves
provided in the plugs. Two springs are attached to each plug to provide a
moment as well as a lift, in order to balance out the moment that is created
as a result of the center of gravity of the mirror being ahead of the points
of attachment of the support wires. The tension on each spring is set to
precalculated values by adjustments of screws that control the extension of

the springs.

Reaction Support System

Attached to the main plate and tied into the mirror is the reaction sup-
port system. Its principle of operation is shown in figure 44, and its func-
tion is to locate the mirror and react to residual uncompensated actuator

loads.

If there were no manufacturing tolerances to consider, the supports could
simply be three rigid members. However, since this is not the condition, the
mount is designed to be “kinematic'" (non-overconstraining) yet rigid in tension

or compression.

Each of the three supports (A, B, and C) contains one circular compliant
member giving it a rotational degree of freedom. One of the supports (A) con-
tains no other compliant members, a second (B) contains an additional circular

compliant member, and a third (C) contains a leaf compliant member.

The circular member permits two-axis rotation, and the leaf member permits
one-axis rotation. The axis that is perpendicular to the compliant axis of
the leaf is set to pass through another support permitting translation in that
direction. Thus, as set up, the supports with two members permit translation
to accommodate the fixed position of the one-member support. The leaf acts as
a system torsional restraint. The system can now react to the axial imposed

loads. The design is geared to the worst case where all actuators act
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simultaneously with maximum load in the same direction. It was found by ex-
perience that small misalignments between the locating rods and the backing
plate could introduce considerable moments to the edge of a mirror. The
mounting therefore incorporates a connection between the locating rods and
the backing plate by means of an epoxy cement that is allowed to harden while

the mirror is in a comparatively strain-free condition.

Mirror Mounting and Weight Support Arrangement

The connection between mirror and actuators is made by Invar plugs that
are fastened to the mirror with epoxy cement. The plugs are made of Invar to
reduce shear stresses at the interface caused by differences in thermal ex-
pansion coefficients, and the plug cross section is kept small (1/2-inch diam-
eter) to minimize the effect of any stresses set up in the cement. Each plug
has a receptacle hole and setscrews to receive and hold the short wire and
cylinder at the tip of the actuator which transmits the force. To accurately
position the plugs on the mirror, an alignment fixture is used. Figure 45
shows the 30-inch mirror resting on part of its alignment fixture, after the

Invar plugs had been fastened in place with epoxy.

The technique used to support the mirror is very similar in several ways
to techniques currently being used in other applications at Perkin-Elmer.
Figure 46 shows a system consisting of a thin deformable mirror, main struc-
tural plate, weight support system, and actuator. An interferogram of the
mirror of this system shows an astigmatism of about 2 wavelengths. . (As
shown in figure 40,) The amplitude and direction of the astigmatism are quite
close to those measured in the tests of the mirror on a special air bag sup-
port. This shows that the distortion introduced by the support system itself
is quite small and well within the range that the actuator system is capable
of removing. The figure shows an arrangement using springs for counter-

balancing the mirror.
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Deformable Mirror with Bonded-on Invar Plugs

Figure 45.
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Flex Actuator

The Active Optiecs actuator is shown in figure 47. It is capable of
exerting any force up to 2 pounds in either direction on the mirror. An
exploded view is shown in figure 48 and two views of the assembly are shown

in figure 49.

General characteristics.- The essential parts of the flex actuator are

the drive motor, coupling, readout potentiometer, bearing countershaft and
leadscrew, translating nut, preload spring, bidirectional force spring as-
sembly, main casting, and minimum moment coupling. The leadscrew is ''simply
supported" in two places by a pair of preloaded flanged bearings and is driven
through a torsionally stiff misalignment coupling by a geared-down motor. The
leadscrew passes through a nut that is constrained in rotation by a pin in a
precision slot and is loaded from both sides with springs of different spring
constants. As the leadscrew is rotated, the nut is translated, simultaneously
displacing the two springs. Since the bidirectional force spring is attached
to the high-spring-rate, small-displacement mirror, the total force on the

mirror can be considered to be governed by the relationship:
F =% (k x)

where

F = force on mirror (lbs)
k = "Bidirectional force spring' spring constant (lbs/in.)
*x = translation of end of spring

In this manner it is possible to exert either a tension or a compression
force on the mirror, depending on leadscrew rotation. In the initial state, no
force is exerted on the mirror. However, the translating nut always experi-
ences a unidirectional force of a magnitude never less than that on the mirror.
The result is a constantly applied, varying value preload always in the same
direction. This is essential to insure that the backlash between the nut and
the leadscrew is preloaded out of the servo system. The position of the nut

on the leadscrew is monitored by the readout potentiometer.
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Figure 49. Two Views of a Flex Actuator
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The nut will always see a net force in one direction, with the magnitude
varying between 1.5 and 12.5 lbs. The mirror will see a force exerted on it
varying between 2 lbs tension and 2 1lbs compression, passing through zero at

the neutral position.

Coupling.- The coupling of the actuator to the mirror is designed to

transmit the actuation load axially but to be compliant in bending so as to

.minimize the initial stress resulting from manufacturing tolerances and mis-

alignment. At the mirror's back surface, the load is distributed over a

circular area to eliminate high localized stresses.

The actuator coupling was analyzed to find the minimum diameter (0.010
inch) that would support the maximum load without buckling, and yet would

have a low working stress in tension and compression.

Actuator characteristics.- Tests on the actuator in the 30-inch-diameter

thin mirror system show that the minimum resolvable motion at the most sensi-
tive area of the mirror, near the edge, is less than 1/250 wavelength at 63284
or approximately O.lxlO-6 inch. The dynamic range is better than plus or minus

25 wavelengths at the same point.

The motion of this actuator is reversible and does not require power
to maintain its position since it effectively locks when power is turned off.
The actuator has been used in a vacuum chamber and similar actuators have re-
mained in a vacuum of less than 1 mm of Hg for periods of several months with
no apparent deterioration in operation. Some modification and selection of
materials would undoubtedly have to be performed to insure reliability in a
very hard vacuum for extended periods of time, but the principle of operation

is compatible with space use.

The linearity of the actuator is the product of the linearity of the servo
motor output as a function of the servo amplifier input and the linearity of
the spring force as a function of the motor shaft position. The linearity of
the spring force as a function of motor shaft position is essentially depen-

dent on the linearity of the spring itself. The coefficient of displacement
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for the spring configuration being used stays constant over the operating
range to within +0.02 percent. The servo amplifier uses feedback from a
tachometer on the servo motor to maintain the linearity of the rate of change
of the motor shaft position as a function of the amplifier input. The line-
arity of the servo motor shaft rate is essentially determined by the linearity
of the tachometer response since the open loop amplifier gain is high. The
tachometer linearity is given by the manufacturer as +0.07 percent. The rate
of change of force developed by the actuator as a function of input voltage

to the servo amplifier is therefore linear to approximately 0.1 percent over

the full range of the actuator.

Actuator assembly.- The actuators were aligned in a separate fixture

(figure 50) to a predetermined position to circumvent the necessity of fab-
ricating all mating parts to very high tolerances. Each actuator was placed
in its appropriate location on the main structural plate and banked against
prealigned registration surfaces. This resulted in very accurate alignment

and negligible residual external forces on the mirror.

Mirror, Mirror Support, and Actuator Assembly

Figures 51 and 52 are different views of a completed 30-inch deformable

mirror assembly ready for installation into a vacuum tank.

The function of the coarse alignment system (figure 53) is to align the
assembly close to the final desired tilt angle., The system consists of two
motor-driven leadscrews, each passing through a Teflon bushing in the lower
half of the main support plate. The main support plate is pivoted from a
captivated 1/2-inch diameter ball, forming both a vertical axis and a horizon-
tal axis of rotation. If each of the servo motors driving the leadscrews
rotates in the same direction, the assembly will "pitch", and if each rotates
in opposite directions, the assembly will "yaw". This technique gives all the
desired adjustments, and provides a rigid link from "ground" to the main plate

when not in use.
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Figure 50. TFlex Actuator Aligned in Fixture
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Figure 51. 30-Inch Deformable Mirror Assembly, Front View
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Figure Sensor

Figure 54 shows a schematic of the figure sensor including the components
required to image the mirror on the photodiode matrix as well as on the image
scanner. Figure 55 shows a photograph of the hardware. The interferometer
assembly uses essentially the same components as the original segmented Active
Optics experiment. There are two additional optical mounts, one for the de-
collimating lens (Lens #l1) and one for the reference mirror mount. These
permit focus control voltages to position Lens #l axially, and tilt control
voltages to rotate the reference mirror about two axes perpendicular to the

optical axis. A beamsplitter diverts 70 percent of the light at the output

of the phase measurement interferometer to the photodiode array. The re-
maining 30 percent of the light is incident upon the image scanner, which

now has an 5-20 detector surface and a 0.003-inch-diameter pinhole, the
combination of which increases its sensitivity by a factor of approximately
40. With the loss of 70 percent to the photodiode array, there is still an
overall increase of signal to the image scanner by a factor of 10 over the
previous setup used with the segmented optics. The improvement in the signal-
to-noise ratio at the output of the image scanner is significant. The light
that is diverted to the photodiode matrix passes through a reimaging lens that
enlarges the image by a factor of 2.5 to cover the diode array. A mirror flat
is employed to fold the optical path to keep the arrangement compact. The
beamsplitter, reimaging lens, folding flat, and diode array are shown in
figure 55. 1In the axial alignment actuator arrangement the axial position

of the decollimating lens of the phase measurement interferometer is controlled
by moving one stage of an XYZ micropositioner with a 400-Hz servo motoxr con-
nected through a series of gear reductions. A clutch allows manual displace-

ment of the decollimating lens as well as positioning by the servo motor.

The reference mirror tilt control unit is shown in figure 56 and consists
of a mirror supported from four piezoelectric bender elements and is driven in
two axes of tilt by these elements. The bender elements are mounted in a
micrometer-adjusted gimbal suspension for coarse and manual alignment. The

mirror is held in a cell to facilitate removal and replacement in the event
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Figure 56. Reference Mirror Tilt Control Unit
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that cleaning or substitution is desired. The cell is mechanically connected
to the ends of the bender elements by 0.25-inch length, small diameter steel
wires that act as flexible couplings in tilt yet are highly rigid in axial
translation. The benders are driven in pairs by two identical electronic sys-
tems. Each system includes a long time constant electronic integrator and

a high voltage amplifier with sufficient gain to raise the output voltage of

the integrator to the levelaféquired to drive the benders as desired.

Electronics, Feedforward Network, and Alignment Controls

Fotofet detectors.- Rather than use the image dissector with a complex

time storing system for 61 channels, it was decided to use a phototransistor
detector matrix. This approach is simpler in circuit construction, operates
with a lower level of photon noise, is free from crosstalk in signal transmis-
sion and behaves without the inherent phase shift introduced by a sample and
hold multiplexing system. The image dissector is used as a supplementary de-
tector to provide the scanning ability required for initial alignment and can
be used for automating alignment sequencing for automatic correction of large
‘figure errors. Figure 57 shows the circuit devised to increase sensitivity
and overcome the effect of variation in the Fotofet detectors by adding simple
components to produce adequate output signal level. This circuit arrangement
not only makes the circuit nearly independent of parameter change, but also

provides gate bias stabilization and moderate automatic gain control.

Servo amplifiers.- The servo amplifier schematic is shown in figure 58.

By cascading a push-pull power stage with an operational amplifier, the servo
amplifier provides substantial power with a convenient summing network at the

input.

As shown in figure 58, the dc error signals are summed by an Analog Device
Model 107A operational amplifier. Since many input signals are expected to
be summed in the deformable mirror system, a high gain amplifier with low
drift was chosen to insure good gain stability. Two chopper transistors, which

are driven by a subminiature transformer, are alternately biased on and off to
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obtain ac voltage that is proportional to the dc signal in amplitude and
whcse phase reverses 180 degrees when the signal polarity is reversed. The
dual emitter choppers are used to insure a constant offset voltage over a
wide range of noise. To insure long life expectancy, it was decided to use

a solid state chopper instead of its mechanical counterpart. -

A center-tapped transformer with a 2:1 turn ratio is used to provide

isolation between the preamplifier and the main amplifier.

The main amplifier consists of an FET wideband operational amplifier,
Model 1772, and a class-B power stage. A unity dc feedback insures a good
dc stability so that no blocking capacitor is needed in the output. The wide-
band amplifier provides sufficiently high forward loop gain at 400 Hz. The
output current is purposely limited to approximately 100 mA for this applica-
tion to avoid excessive current drain when many units are in operation. A 100
resistor is added in series with the load for further protection of the circuit

and to avoid possible instability.

Each servo amplifier is assembled on a printed circuit board for ease in
fabrication. Another printed circuit board contains the limiter, phase demodu-
lator, and inverter for each channel. The two printed circuit board assemblies

are shown in figure 59.

Feedforward network.- Figure 60 shows the layout of the feedforward net-

work. The resistors are plugged into receptacles on two large printed circuit
boards that have the inputs from its phase detectors applied to horizontal
conductors on the side shown and that have the outputs to the servo amplifiers
connected to vertical conductors on the hidden side. This provides a two-
dimensional layout for convenient checking and correlation with the design
matrix and allows interchangeability of components for trying different net-
works. The diagonal elements are the driving point resistors that determine
the driving point gains and are multiple turn potentiometers to allow precise

gain adjustment.
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Alignment Controls.- Figures 61 and 62 show the two control panels for

test and alignment of the system. The control panel shown in figure 61 has an
array of pairs of indicator lights arranged in the pattern of the actuators.
These lights give a qualitative indication of the location of the nut on each
actuator leadscrew. When an actuator is at its midrange or initial position,
there is no force applied by it against the mirror and no voltage across its
indicator lights. As the nut moves, causing a force to be applied against the
mirror, one or the other of the pair of indicator lights, depending on the
direction of the displacement, begins to glow. The intensity of the glow is
proportional to the nut displacement from the midposition and hence to the
force being applied. The pattern of forces being applied at any instant is
therefore evident from the light display. A warning buzzer indicates when any
actuator reaches more than 95 percent of its available displacement in either
direction. The voltage from the linear potentiometer on each actuator, which
operates the indicator lights and the warning buzzer, can be monitored quanti-
tatively on the SERVO POSITION meter. The SERVO SELECT switches determine the

channel to be monitored.

Manual control of the position of the actuators is possible by insertion
of a dc voltage at the summing points of the amplifiers. The actuator to be
controlled is determined by the INDIVIDUAL CHANNEL SELECTOR switches and the
amplitude and polarity of the voltage are controlled at the VOLTAGE ADJUST
potentiometer and the POLARITY switch.

Manual displacement of a local zone on the mirror is possible by insertion
of a dc voltage at the input of the feedforward matrix board. The MODE switch
determines whether the voltage is applied at the input of the feedforward ma-
trix or at the input of the individual servo amplifiers, since the same power
supply is used in both cases. The LOCAL CHANNEL SELECTOR switches determine
the local zone to be displaced and, again, the amplitude and polarity of the
voltage are controlled at the VOLTAGE ADJUST potentiometer and the POLARITY
switch., The O to 6 switch selects the tens digit and the O to 9 switch selects
the units digit for each of the switch pairs for the LOCAL CHANNEL SELECTOR,
the INDIVIDUAL CHANNEL SELECTOR, and the SERVO SELECT.

111



.

1N

¥ TILT POSITION

3
¢
t

u n m @ m m . B “ u u n u “ h B . CENTRALIZE
’ G
' (<
nn “ mm mm mm ﬂa ﬂu um .a OPERATE

: ¢ s
. g ¢
tocAat CHANNEL U 1 “ \; INDIVIDUAL CHANNEL
SELECTOR

SELECTOR

SERYO  POSITION

INDIVIDUAL
. ké\ i
LocAL
ADIUST
MODE - ADIY
.5
-8
SERVO  SELECT +
oN
; ) iy 4
; INDICATOR -
LIGHT
TESY . POLARITY

Figure 61. Actuator Control and Indicator Panel

112




|

8 -7-6=5-3=3-2~1 0 4 $24+3+4 4536 +7s8
P11 1

! l

|

*+4— R ¥ 8

+3—-

..l-

-

-4- .

A1
_ptt 84y
AV R
R ’
BN .

SCAN SIZE .
“CoNTROL -

DISSECTOR - SCAN MONITOR .

Figure 62, Alignment Control and Indicator Panel

113



The control panel shown in figure 62 contains the controls for initial ‘
alignment of the mirror. The sequencing of operation is manual to allow flexigﬁ
bility for experimentation at this point of development but could be automated.
A matrix of three-position switches controls the input to the phase detector
of each individual channel. Each switch can be moved from the "up" position
where the input to the phase deteétor is neutral and the output of the phase
detector is zero, to the "middle" position where the input to the phase de-
tector comes from the image dissector, and to the "down" position where the

input to the phase detector comes from the photodetector array.

The image dissector is time shared between four set of deflection voltages
that are coordinated with four outputs. The multiplexing frequency is 6144 Hz
so that each of the four points is sampled approximately 1,529 times per second.
One of these points is located at the reference coordinates. The second is a
movable point that can be scanned between coordinate points determined by the
X, Y, and XY coordinate selector switches. The scan starts at the XlYl co-
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ordinate and sweeps to the X coordinate. The scan rate can be varied by

Y
the TIME CONSTANT switch. Tﬁezthird point is used for making raster scans, and
its position is determined by external voltages applied at the X RASTER and Y
RASTER input jacks. The fourth multiplexed point moves in a continuous circle,
the radius of which can be automatically controlled by the amount of tilt
existing in the mirror. The deflection voltages applied to the image scanner
are also applied to the DISSECTOR SCAN MONITOR scope so that the position of
the raster and alignment scanning spots and the amplitude of the tilt scan

circle can be visually monitored.
CONCLUSIONS

An Active Optics control system has been designed and comstructed, and
initial tests have demonstrated that it has achieved an accuracy of control of
the figure of a 30-inch-diameter thin mirror to better than 1/50 wavelength rms
at visible wavelengths. This exceeds the 1/20-wavelength design goal set for
this experiment and meets the requirement of 1/50 wavelength commonly cited as

the design goal for a "diffraction-limited" system.
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Analysis of the control system response and experimental verification of
:he analytical predictions indicate that the techniques used in the present
iystem can be applied successfully to the active control of much larger pri-

nary mirrors to obtain diffraction-limited performance.

The Perkin-Elmer Corporation,

Norwalk, Connecticut, February 13, 1970
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